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In situ measurements of interplanetary coronal mass ejection (ICME) composition, including elemental abundances and charge
states of heavy ions, open a new avenue to study coronal mass ejections (CMEs) besides remote-sensing observations. The
ratios between different elemental abundances can diagnose the plasma origin of CMEs (e.g., from the corona or chromo-
sphere/photosphere) due to the first ionization potential (FIP) effect, which means elements with different FIP get fractionated
between the photosphere and corona. The ratios between different charge states of a specific element can provide the electron
temperature of CMEs in the corona due to the freeze-in effect, which can be used to investigate their eruption process. In this re-
view, we first give an overview of the ICME composition and then demonstrate their applications in investigating some important
subjects related to CMEs, such as the origin of filament plasma and the eruption process of magnetic flux ropes. Finally, we point
out several important questions that should be addressed further for better utilizing the ICME composition to study CMEs.
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1 Introduction
Interplanetary coronal mass ejections (ICMEs) refer to the
counterpart of coronal mass ejections (CMEs) in the in-
terplanetary space, which are an energetic explosive phe-
nomenon occurred in the solar atmosphere [1–4]. When
interacting with the Earth’s atmosphere, ICMEs can induce
strong geomagnetic activity [5,6] and seriously influence our
high-technology activities through damaging satellites, over-
loading power grids, and disrupting GPS navigation systems
[7, 8]. Therefore, it is of great significance to investigate
CMEs/ICMEs for both astrophysics and space weather.
Theoretical studies suggest that CMEs take place due
to the eruption of magnetic flux rope (MFR, a coherently
*Corresponding author (email: hqsong@sdu.edu.cn)
helical magnetic structure with its field lines winding around
one central axis more than one turn), which can be formed
prior to [9–11] or during solar eruptions [12–14] through
magnetic reconnection occurred in the corona. So far, none
of physical mechanisms can produce a CME without involv-
ing the MFR. In the case that the MFR has existed in the
corona before eruption, theoretical studies propose an al-
ternative mechanism to answer where and how the MFR is
built up, which suggests that the MFR is formed in the con-
vection zone and can emerge into the corona by buoyancy
[15–17]. This mechanism is supported by some observations
[18]. However, simulations found that only the upper part of
the MFR can emerge into the corona [19] and the reconnec-
tion is necessary to transfer some emerged magnetic fluxes
into a new MFR structure in the corona [20].
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Observational studies demonstrate that CMEs often result
from the eruption of filaments [21], coronal cavities [22], sig-
moids [23], or hot channels [24]. Filaments are cold and
dense plasmas usually located at the MFR dips with the mag-
netic field lines being horizontal locally and curved upward
[25], and they will be termed as prominences when appeared
around the solar limb. Alternatively, filaments can also be
supported by the sheard magnetic arcades [26]. Coronal cav-
ities refer to the elliptical regions with lower density and usu-
ally locate above and around the prominences, which can be
observed in a variety of wavelength, such as white light, ra-
dio, soft X-ray, as well as extreme ultraviolet (EUV). Sig-
moids appear as the forward or inverse S-shaped structure
usually in active regions. Hot channels (hot blobs when ob-
serving along the axis due to the projection effect) are one
high-temperature coronal structure observed in the 131 Å or
94 Å passbands. The erupted sigmoid can appear as a hot
channel [27]. Many studies support that the coronal cavities
[28], sigmoids [29], and hot channels [30] are indicative of
MFRs. It is natural that the MFR eruptions in theory mani-
fest as the ejections of filaments/prominences, coronal cavi-
ties, sigmoids, or hot channels in observations. See a recent
review [3] for more details. Therefore, both the origin of
filament plasma [31] and the formation of MFRs [32] are im-
portant issues for CMEs, which will be discussed more in the
following sections.
Since the first observation of CMEs in the early 1970s,
many observational studies about CMEs near the Sun have
been conducted through remote-sensing data at various pass-
bands, including the X-ray, EUV, white light, as well as ra-
dio [1]. The white-light coronagraphs, e.g., the Large An-
gle Spectrometric Coronagraph (LASCO) on board the Solar
and Heliospheric Observatory (SOHO) and CORs onboard
the Solar TErrestrial RElations Observatory (STEREO), pro-
vide many properties of CMEs near the Sun, including the
structure, volume, mass, velocity, acceleration, as well as oc-
currence rate [2]. The solar spectroscopy can diagnose the
temperature, density, line-of-sight velocity, and composition
related to CMEs [33–35]. Also, the temperature and density
of CMEs can be acquired through differential emission mea-
sure (DEM) [36]. All of the knowledge strongly improves our
understanding on the initiation and acceleration mechanisms
of CMEs.
However, the density inversion based on white-light
brightness critically depends on the 3D structure of CMEs
and the removal of the F corona [37]. Spectroscopic observa-
tions and DEM require sophisticated models to get the physi-
cal parameters, and the models rely on the atomic and molec-
ular data measured in laboratory or calculated from atomic
physics. Thus the inferred parameters could vary with time.
For instance, the elemental abundances derived from spec-
troscopic data have changed substantially over time as the
development of inversion techniques [38]. In addition, the
remote-sensing observations are usually influenced by the
projection effect, and they can not provide the reliable mag-
netic field measurements of CMEs either. Partial disadvan-
tages of remote-sensing observations can be overcome by the
in situ measurements of ICMEs, especially for the composi-
tion of CMEs. In the meantime, the in situ measurements of
magnetic field within ICMEs directly prove that CMEs can
contain the MFR structure [39–41].
So far, the most complete composition data of interplan-
etary plasma is provided by the solar wind ion composition
spectrometer (SWICS) on board both the Ulysses [42] and
the Advanced Composition Explorer (ACE) [43]. The so-
lar wind particles collected by SWICS are analyzed on board
and the data are telemetered to the Earth. The SWICS is op-
timized to acquire the low-noise measurements of elemen-
tal and charge-state composition in the interplanetary space.
The particles detected by SWICS cover an energy-per-charge
(E/Q) range of 0.49–100.0 keV e−1 and all of the masses from
H to Fe [44]. The instrument can measure the speed, mass,
and charge of incident particles through three techniques, i.e.,
the electrostatic analysis, the time-of-flight analysis, as well
as the total energy measurement [38, 45]. SWICS can mea-
sure the charge-state distributions and abundances of ∼10 el-
ements [46]. The newly released SWICS/ACE data are cal-
culated through a completed statistically accurate inversion
model [47], which takes into account both systematic and
statistical uncertainties and results in an increasing identifi-
cation of rare ions such as Fe6+ and Fe7+. This is very crucial
for identifying the cold filament plasma in the interplanetary
space [31, 48–50].
In addition to ICMEs, the non-transient solar wind in situ
composition also provides us with a powerful tool to inves-
tigate their mechanisms of origin, heating and acceleration
[51–58]. In the current review, we focus on the ICME com-
position observations and their applications on CME studies.
This paper is organized as follows: in Section 2, we summa-
rize the criteria to identify ICMEs from the background solar
wind. Section 3 introduces the statistical results of ICME el-
emental abundances and the application to identify the origin
of filament plasma through abundances. Section 4 presents
the observational results of ICME ionic charge states and the
application to analyze the MFR formation process through
charge states. Section 5 is our summary and discussion.
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2 Identification of ICMEs
Many studies have been conducted on ICMEs [59–64] and
their propagation from the Sun to the Earth [65–70] in recent
decades. The twin STEREO spacecraft enables us to track
ICMEs continuously in the heliosphere through a geometric
triangulation [71]. Based on their magnetic field and plasma
measurements, ICMEs are divided into two categories: mag-
netic clouds (MCs, [39]) that contain the regular MFR struc-
ture, and non-cloud ICMEs that have irregular magnetic field
features. Gosling [72] reported that ∼30% of ICMEs in 1978-
1982 were MCs, while Marubashi [73] claimed that up to
∼80% of ICMEs were MFR encounters. There also exists a
solar cycle effect for MC fraction in ICMEs, ranging from
∼15% near solar maximum to >60% near solar minimum
[59]. It is unclear whether these two categories result from
the different CME initial mechanisms in the corona, the com-
plex propagation process in the interplanetary space, or just
different spatial sampling of ICMEs [74].
In the previous and current researches, many character-
istics have been invoked to identify ICMEs in the back-
ground solar wind [75–78], which can be separated into mag-
netic field, plasma dynamics, suprathermal particle, plasma
composition, and plasma wave signatures [75]. The poten-
tial signatures of ICMEs include 1) enhanced magnetic field
strength, 2) field direction changing smoothly, 3) low pro-
ton temperature, 4) low plasma beta, 5) enhanced helium
abundance, 6) bidirectional streaming of super-thermal elec-
trons, 7) bidirectional streaming of low energy protons, 8)
high charge states related to magnetic reconnection, 9) low
charge states related to filaments, 10) singly charged helium
(He+), 11) bidirectional particle flows at cosmic ray ener-
gies (1 MeV), 12) bidirectional solar wind electron heat flux
events, 13) the occurrence of Forbush decrease, and so on
[76, 78]. Usually the first four signatures are used to identify
MCs. The elemental abundances and charge states of heavy
ions can vary significantly case by case, thus usually they are
not taken as the main criteria to identify ICMEs. Especially,
they can not be used to determine the boundaries of ICMEs
due to their diversified profiles within ICMEs as presented in
Section 4.
Generally, it is rare for a single ICME event to possess all
of the above 13 characteristics, and various signatures might
not occur simultaneously. This is not surprising since they
arise from different physical circumstances. For example, the
appearance of low charge states may depend on whether the
filament plasma is detected, and the bidirectional streaming
of electrons relies on the magnetic field line connectivity to
the Sun. In addition, no magnetic field rotation signature can
be detected if the observing spacecraft makes a glancing en-
counter with the MC. The practical identification of ICMEs
is to examine as more criteria as possible and reach a consen-
sus based on several criteria during a potential interval of the
solar wind [75].
Most MC parameters, such as the temperature, density,
velocity, morphology, volume, as well as magnetic field
strength and structure, experience large variation during their
transit from the Sun to 1 AU due to the expansion, accelera-
tion/deceleration, and interactionwith background solar wind
or other large scale interplanetary structures. However, the el-
emental abundances and ionic charge states keep unchanged
during the transit, which provide us an excellent opportunity
to investigate some important issues related to CMEs.
3 Elemental abundances of ICMEs
3.1 The FIP effect
The elemental abundances of the solar corona and the pho-
tosphere are different because elements with different first
ionization potential (FIP) get fractionated between the pho-
tosphere and corona (FIP effect [79]). The FIP fractionation
should locate in the chromosphere [80], in which low-FIP (<
10 eV) elements are generally ionized and high-FIP (> 10
eV) elements are partially neutral at least. Researchers have
proposed several models to explain the FIP effect [79, 81].
The early theoretical models are correlated with the diffu-
sion, thermoelectric driving, chromospheric reconnection, or
ion cyclotron wave heating [82]. Laming proposed a model
correlated with ponderomotive forces, which are the time-
averaged nonlinear forces acting on a media in the presence
of oscillating electromagnetic fields [83]. The model demon-
strated that the elemental fractionation could be generated by
the ponderomotive force in the chromosphere from Alfve´n
waves, which is directed upward usually, and acts only on
chromospheric ions, not neutrals [81]. Therefore, the low-
FIP elements, which are predominantly ionized in the chro-
mosphere, are enhanced in abundancewhen they flow into the
corona, and the high-FIP elements, which are largely neutral,
appear essentially unaffected [79].
The degree of chemical separation varies obviously in dif-
ferent regions. In the coronal quiet region and slow solar
wind, the elements with low-FIP are enhanced in abundance
by a factor of ∼3, typically ranging from 2 to 5, which is es-
tablished by both in situ and remote-sensing measurements
[82]. In the coronal holes and fast solar wind, the degree of
FIP fractionation is significantly smaller than that in the quiet
region and slow wind [82, 84, 85]. A recent study confirmed
that the FIP bias factors of those low-FIP elements are en-
hancedmore in winds originated from the hot coronal regions
than in winds from the cold coronal regions, and found that
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the FIP bias factors can also be affected by the solar cycle
[86]. Active regions and flares also have different elemen-
tal fractionation, usually reduced from that measured in the
quiet region [82]. Note that the abundances of high mass-to-
charge ions in solar energetic particles are greatly enhanced
compared with coronal values [87], which may result from
the mechanisms of ion acceleration during flare magnetic re-
connection [88].
In addition, Widing and Feldman [89] found that the new
coronal loops emerged with photospheric abundances, while
gradually changed to coronal abundances over the course of
a few days, which means the elemental abundances could be
different between nascent and mature active regions. Con-
sequently, CMEs originated from different coronal regions
(quiet region, nascent or mature active region) can have dif-
ferent elemental abundances. Besides, the elemental abun-
dance should not be uniform everywhere within an ICME
(e.g., containing the filament or not), and the measured result
also depends on where the spacecraft passes through a partic-
ular ICME. Therefore, the observed elemental abundances of
ICMEs are highly variable [90] from event to event, and we
mainly introduce the statistical result on the ICME elemental
abundances in Section 3.2.
3.2 The statistical result
The elemental abundances of ICMEs are of interest due to
their diagnostic values for analyzing the origin of ICME-
related plasmas that are released from the magnetically
closed region. Recently, Zurbuchen et al. [38] conducted
a comprehensive statistics on the abundances of 310 ICMEs
in Richardson & Cane’s list from 1998 March to 2011 Au-
gust using the newly released data that include the inversion
of low-abundance elements such as Ne, S, and Si, and com-
pared them to both slow and fast solar wind. They first iden-
tify the “compositionally hot” ICMEs using the methodol-
ogy proposed by Lepri et al. [46], which regarded an ICME
as “compositionally hot” when it contained at least 6 hr of
plasma with average Fe charge state <QFe> beyond 12+.
With this methodology, 47.7% of the ICMEs are identified
as “compositionally hot”, which are dubbed as high <QFe>
ICMEs.
To present the general behavior of the average elemental
abundances of ICMEs, they analyzed the Mg/O, Si/O, and
Ne/O as functions of Fe/O for two classes of ICMEs as shown
in Figure 1, where the high <QFe> ICMEs are plotted in or-
ange, and the other ICMEs in black [38]. The fitted line in
this figure are linear in log-space, see Table 1 in reference
[38] for the fitting parameters. Figure 1 shows that the range
of compositional distribution for each compositional quantity
extends over one order of magnitude. The positive correlation
of Mg/O and Si/O with respect to Fe/O demonstrate that the
FIP effect affects the metal-like ions in a similar fashion. The
strongest correlations exist between Si/O and Fe/O, which
could be understood as the FIPs of Mg, Si, and Fe are 7.65,
8.2, and 7.9 eV, respectively. However, it is surprising there
exists a strong positive correlation of Ne/O for high <QFe>
ICMEs as shown in Figure 1(c), as the FIP of Ne is high
(21.6 eV) [38]. Their results clearly show that the elemental
correlation is stronger in each case for high <QFe> ICMEs
and weak for the other ICMEs, especially for Ne. They con-
cluded that high <QFe> ICMEs have an obviously different
elemental composition compared to the other ICMEs [38].
Figure 1 Elemental composition of both high <QFe> ICMEs and the other
ICMEs. The error bar indicates the standard deviation of a compositional
quantity within the ICME interval identified by Richardson and Cane. For
each element, the slope of high <QFe> ICMEs is steeper compared to that
of the other ICMEs [38].
To investigate the difference between the two ICME pop-
ulations quantitatively, Zurbuchen et al. [38] computed the
average composition for each ICME population and com-
pared the values to those of both slow and fast solar wind.
The relative abundances (relative to O) are shown in Figure
2(a). Clearly, there exist significant increasing factors of FIP
enhancement. For low-FIP elements such as Mg, Fe, and
Si, their largest FIP enhancements exist in the high <QFe>
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ICMEs, and their smallest FIP factors are seen for fast wind.
The other ICMEs and slow wind are intermediate between
the two extremes [38].
Figure 2 (a) The relative abundances of high <QFe> ICMEs and the other
ICMEs compared to those of fast and slow solar wind. The high <QFe>
ICMEs exhibit a higher FIP than both the other ICMEs and slow wind. The
Ne/O composition of high <QFe> ICMEs exceeds that of solar wind. (b) The
absolute abundances of slow solar wind and two types of ICMEs compared
to those of fast wind, which is the most photosphere-like sample available to
us in the interplanetary space. High <QFe> ICMEs are depleted for S, C, O,
and He, but are identical to those of polar coronal holes for Mg, Fe, Si, and
Ne [38].
The relative abundances of mid-FIP elements (S, C, and N)
exhibit different behaviors [38]. For example, S/O presents
enhancements with the ordering similar to the metals, while
its enhancements are smaller. The C/O abundances of both
type ICMEs show a depletion compared to average abun-
dances of both types of solar wind. The depletions are rel-
atively small, and there is no significant difference between
high <QFe> ICMEs and the other ICMEs for C/O. The N/O
abundance of ICMEs exhibit an insignificant enhancement
over the solar wind values [38].
The relative abundances of high-FIP elements, such as the
noble elements Ne and He, possess the rather peculiar behav-
iors [38]. The high <QFe> ICMEs present an enhancement
in Ne/O, exceeding the solar wind by a factor ∼2. The other
ICMEs have a small elevated abundance compared to slow
wind, while it is obviously lower than those of high <QFe>
ICMEs. The He/O abundances of both ICMEs and solar wind
show the depletion as compared to the photospheric value
[38].
Zurbuchen et al. [38] summarized that the composition of
the other ICMEs is intermediate between those of the high
<QFe> ICMEs and slow wind, which can indicate their ac-
tual intermediate states, and might also indicate the cross-
contamination of both compositions. To determine the phys-
ical interpretation for the results, they further analyzed the
absolute abundances of ICMEs and solar wind as shown in
Figure 2(b) by using H/O values from [91]. The abundances
in Figure 2(b) are normalized by the abundance of fast solar
wind, which exhibits only a small FIP effect [38].
The abundances of low-FIP elements (Mg/H, Fe/H, and
Si/H) of both ICMEs and slow wind are identical to that of
fast wind within the error bars. Similarly, Ne/H for high
<QFe> ICMEs is consistent with that of fast wind and some-
what reduced in both the other ICMEs and the slow wind.
Middle-FIP elements (S/H, C/H, N/H, and O/H) are reduced
in all samples, and all their values are depleted more within
ICME samples compared to the slow wind. The He/H abun-
dance presents an overall depletion compared to the solar
wind though there exist cases of enhanced He/H in some
ICMEs [75]. The absolute abundance of low-FIP elements
keeps approximately constant for all of the samples, and the
differences between the low- and high-FIP elements are ob-
vious, which support that the anomalies of coronal elemental
abundances result from the depletion of high-FIP and mid-
FIP elements, instead of the enrichment of elements with
low-FIPs [92].
Except comparing the elemental abundance of the high
<QFe> ICMEs with that of the other ICMEs, researchers also
made a comparison between the MCs and non-cloud ICMEs
[93], which showed that the Fe/O is obviously elevated in
MCs (especially the fast events with velocity beyond 450 km
s−1) compared to the non-cloud ICMEs, see the Figures 5 and
8 in [93].
We mainly described the overall situation about abun-
dances of heavy elements that are rich relatively in the solar
atmosphere. The studies on the other elements with much
less abundances as compared to O, C, Fe and so on are rel-
atively rare, as it is difficult to measure the elements with
low abundances. Giammanco et al. [94] analyzed 4 years
of CELIAS (Charge, Element, and Isotope Analysis Sys-
tem) data [95] and reported the measurements of the absolute
abundances of Al, Na, P, and K in the solar wind for the first
time, as well as their elemental ratios relative to Ca and Mg.
They gave the elemental enrichment as a function of the FIP
and the first ionization time based on their abundance mea-
surements.
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3.3 The origin of filament plasma
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Figure 3 Magnetic field and plasma parameters measured by WIND and
ACE. The panels from top to bottom display the total magnetic field strength
(black) and its three components provided by ACE (a) and WIND (b), PAD
of super-thermal electrons (c), bulk speed (d), density (black) and thermal
velocity (red) (e), the total pressure along the perpendicular direction (black)
and the dynamic pressure (red) (f), entropy (black) and plasma β (red) (g),
charge-state-distribution map of Fe ions and the <QFe> (white) (h). The
vertical solid line and the two vertical dotted-dashed lines denote the ICME
shock and two boundaries of the MC, respectively. The shaded region corre-
sponds to the filament interval [31].
In this subsection, we demonstrate one application of in situ
elemental abundance on the CME-related study. It has been
reported that more than 70% of CMEs are correlated with the
filament eruptions [96], thus it is important to address where
the filament plasma comes from. Two types of models have
been proposed: one claims that the filament plasma is from
solar photosphere and/or chromosphere through siphon ef-
fect and/or evaporation as well as injection process [97, 98];
the other one proposes that the coronal plasma can condense
and form the filament directly due to the thermal instability
[99, 100]. The siphon and evaporation/injection models pre-
dict that the filament abundances are more close to the photo-
spheric ones, while the condensation models would have the
coronal abundances. Therefore, we can constrain the models
through the elemental abundance analysis.
Some abundance analyses through spectroscopy demon-
strated that the Mg/Ne ratios of prominences have values in-
termediate between the corona and photosphere but none are
as high as those in the corona [97], which does not support
the condensation models. Recently, Parenti et al. [101] used
the DEM technique to investigate the elemental abundances
of two prominences, and also showed that they had the photo-
spheric abundances, consistent with the spectroscopy results.
However, the results from spectroscopy and DEM depend on
the physical models as mentioned. Besides, there is a par-
ticular problem for the prominence analysis as it is optically
thick. The radiation transfer process hinders researchers to
derive the precise abundances within the prominence interior.
To further address the origin of filament plasma, one method
is to measure the elemental abundances of filaments in the in-
terplanetary space. This requires to identify the the filament
within ICMEs clearly first. The filament is cooler and denser
as compared to the corona, thus the most profound signature
of filament plasma is the appearance of a significant fraction
of low charge ions, e.g., Fe6+ and even more lower [102,103],
instead of Fe10+ in the solar wind or Fe16+ within the hot in-
tervals of ICMEs [32].
Song et al. [31] reported such a good in situ detection of
filament. A halo CME resulted from a filament eruption took
place on 1998 April 29, and the corresponding ICME was
detected by both WIND and ACE at L1 point. Skoug et al.
observed an enhancement of He+ during the latter half of this
ICME [104], and Gloeckler et al. found a wide variety of
both unusually high and unusually low ionic charge states in
this event [105]. This event provides us a precious opportu-
nity to study the origin of filament plasma as it contains long
(∼20 hr) and obvious signs of filament as shown in Figure 3
[31]. Usually the detected filament durations within ICMEs
last only one to several hours [49, 106], which is unsuitable
for the analysis of elemental abundances as the typical tem-
poral resolution of SWICS is 2 hr.
In Figure 3, the ICME shock is depicted with the purple
vertical solid line, and the MC boundaries two purple vertical
dotted-dashed lines. Figures 3(a) and 3(b) show the magnetic
field measured by the ACE and WIND, respectively, includ-
ing the total field strength (black) and the three components
(X, Y, and Z in red, green, and blue, respectively) in the Geo-
centric Solar Ecliptic coordinate. The magnetic field profiles
are almost identical in the two panels, which proves that both
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ACE andWINDmeasured the same part of the ICME. Figure
3(c) presents the normalized pitch angle distribution (PAD) of
super-thermal electrons (272 eV), exhibiting the bidirectional
electrons during the MC passages. Figure 3(d) shows that the
velocity within the MC decreases gradually with time, agree-
ing with the expectation of the MFR expansion. Figure 3(e)
presents the number density (black) and the thermal veloc-
ity (red) of protons. The total perpendicular (black) and the
dynamical (red) pressures are presented in Figure 3(f). Fig-
ure 3(g) exhibits the Entropy (black) and the plasma β (red).
The last panel is the charge-state-distribution map of Fe ions
and the profile of <QFe> (white) with a temporal resolution
being 2 hr [31]. The MC interval contains an obvious low
Fe charge states and high proton density as indicated with the
yellow shade. This agrees with the filament features, strongly
proving that the yellow region corresponds to the the erupted
filament. Song et al. [31] fitted this MC through a velocity-
modified Gold and Hoyle model [107] and found the space-
craft trajectory was close to the MC center. This might be
one reason why the filament interval was so long.
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Figure 4 Charge states and relative abundances measured by ACE. The
panels sequentially present the charge-state-distribution-map of Fe ions and
the profile of <QFe> (a), the abundances of Fe/O, Mg/O, and Si/O (b–d).
The corresponding abundance ratios in the photosphere are denoted with
the red horizontal dotted lines. The vertical solid line and the two vertical
dotted-dashed lines denote the ICME shock and two boundaries of the MC,
respectively. The left (right) shaded region corresponds to the non-filament
(filament) interval
[31].
To infer the filament plasma origin, Song et al. [31] ana-
lyzed the elemental abundances as shown in Figure 4, where
the charge-state-distribution map of Fe ions are re-plotted in
Figure 4(a) to show the filament interval clearly. Two regions
with higher and lower Fe charge states are emphasized with
yellow shades, corresponding to the non-filament (left) and
filament (right) intervals within the ICME, respectively. Fig-
ures 4(b)-(d) present the Fe/O, Mg/O, and Si/O ratios sequen-
tially, with the horizontal dotted lines in each panel depicting
the corresponding abundances in the photosphere [108]. It
is obvious that the two shaded regions have different ratios.
The Fe/O (Mg/O and Si/O) abundances in the non-filament
region are ∼0.25 (0.30 and 0.30), higher than the correspond-
ing value 0.15 (0.05 and 0.07) in the filament region, which
are closer to the photospheric abundances of 0.065 (0.081
and 0.066). Thus the in situ observations do not support the
condensation models either. The remote-sensing imaging ob-
servations further demonstrate that the jets occurring in the
vicinity of the filament footpoint can eject plasma to supply
material for the filament [109]. Conversely, the non-filament
region exhibits obvious FIP effect, which indicates that the
MFR is mainly built up in the corona, instead of emerging
into the corona from the convection zone.
4 Ionic charge states of ICMEs
4.1 Freeze-in of ionic charge states
The ionic charge states of ICMEs provide us another clue to
study CME-related issues, e.g., the MFR formation and erup-
tion mechanisms, due to the so-called freeze-in effect. When
the MFR erupts and propagates outward, its electron den-
sity decreases rapidly with solar distance. As the ionization
and recombination rates are proportional to the electron den-
sity, they also decrease with distance and shut down when the
electron density is low enough. This cause the ionic charge
states of plasma to freeze-in [56, 110]. Charge states of car-
bon and oxygen in the solar wind usually freeze-in around
1–1.5 solar radii [111, 112], and iron below 3–4 solar radii
[113, 114]. The ionic charge states measured in ICMEs be-
yond the freeze-in height maintain the thermal properties of
the CME plasma below their freeze-in height, and they can
be used to infer the eruption process of MFRs.
Generally, the high ionic charge states imply high freeze-
in temperatures [93] though both the electron density and
plasma velocity also play a role in the freeze-in process
[55, 112]. The freeze-in process in CMEs can occur at dif-
ferent freeze-in temperatures from event to event, mainly de-
pending on the temperature of current sheet beneath CMEs
[9], which means the charge states of ICMEs could be higher
or normal as compared to the solar wind. Meanwhile, the
ICMEs can exhibit charge states lower than that of solar wind
when the spacecraft detects filament plasma [48–50]. In addi-
tion, the measured results of ICME charge states also depend
on where the spacecraft crosses a particular ICME. There-
fore, the observed charge states of ICMEs are also highly
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variable from case to case. We will describe a typical case
first in Section 4.2 and then introduce a statistical result about
the C, O, as well as Fe charge states within ICMEs in Section
4.3.
4.2 The typical ionic charge states of both cold and hot
ICME components
Most heavy elements of ICMEs and solar wind are presented
in a number of different charge states. The ratio of any two
charge states of an element can be converted to a freeze-in
temperature. Therefore, the charge state ratios of heavy ions
act as the coronal thermometer. The dominant solar wind
ionic charge states are C5+, O6+, and Fe10+, which freeze-in
near coronal electron temperature of 1 MK. More than 80%
of ICMEs possess the elevated charge states, e.g., O8+, O7+,
C6+, and Fe16+ [46,64], and Lepri et al. demonstrated that the
high Fe charge states (> 16+) can act as a good identifier of
ICMEs [46]. Besides, high oxygen charge states (O7+/O6+ >
1) are also associated with many ICMEs [115]. However,
some ICMEs can also exhibit cold component with lower
charge states as mentioned [48–50].
Lepri et al. [102] presented a systematic search for cold
material in ICMEs. They used a novel technique that takes
advantage of the full power of SWICS on board the ACE,
allowing them to analyze low-charge-state ions such as C2+,
O2+, and Fe4+. Three examples of charge state distributions
for C, O, and Fe are presented in Figure 5. The hot and cold
ICME components are shown as red and blue bars in the three
panels, and the normal solar wind is shown as green bars. The
charge state distributions of normal solar wind peak at C5+,
O6+, and Fe10+, implying the freezing temperatures around 1
MK. The hot ICME component contains significant contribu-
tions of C6+, O7+, Fe16+ and beyond. The cold ICME com-
ponent exhibits strong peaks at the low charge states such as
C2+, O2+, and Fe6+. The cold ICME componentmight extend
to lower charge states that are not covered by their analysis
method [102], which is confirmed by Gilbert et al. [44].
In addition, Figure 5 shows that there exist contemporane-
ous measurements of high charge stages in this cold ICME
component such as C4−6+, O6−7+, and Fe12−17+, which might
be caused by the mixing of plasma with different tempera-
tures [103]. Therefore, we need caution to analyze the el-
emental abundances of filament plasma through the in situ
measurements. It should be conducted when the high charge
charge stages are rare, i.e., the hot component is negligible
like the case shown in Figure 4.
4.3 The statistical results of ionic charge states within
ICMEs
In this subsection, we introduce a comprehensive statistical
study about the charge states of C, O, and Fe within 215
ICMEs from 1998 to 2011 conducted by Owens [93]. The
charge state ratios of ion number densities such as C6+/C5+
and O7+/O6+ are often used to differentiate the coronal source
regions of solar wind [54, 55, 86, 116]. Different with the
charge state ratios of C and O, the <QFe> is regarded as
a sensitive tracer of electron temperatures and can mea-
sure the plasma evolutionary properties in the high corona
[46, 54, 117].
Owens [93] first divides ICMEs into two groups, i.e., MCs
(97 samples) and non-cloud ICMEs (118 samples). Except
the average value of charge states within each ICME, he also
considers the ICME time profiles of charge states as dis-
played in the top panels of Figure 6, where the tLE and tT E
denote the times when the ICME ejecta leading and trail-
ing edges are detected by ACE, respectively. The duration
of each ICME is normalised to one day, and one day before
tLE and after tT E is also shown. For fast ICMEs with inter-
planetary shocks, the tLE -1 to tLE interval included the ICME
sheath region. The red lines and the pink shaded regions in
the top panels show the median and 1-sigma range for MCs,
and the blue lines and the blue shaded regions present the
same for non-cloud ICMEs.
Figures 6(a) and (b) show that the C6+/C5+ has little overall
enhancement within both MCs and non-cloud ICMEs, while
the O7+/O6+ ratio increases obviously within ICMEs, espe-
cially within MCs. Besides, the carbon charge-state profiles
show an enhancement near the trailing edge of MCs, while
the O7+/O6+ ratio exhibits a weak decline through MCs. As
mentioned, the freeze-in altitudes of C and O charge states are
similar in the corona, so they are expected to possess a simi-
lar behavior, instead of different ones. This difference might
be correlated with the so-called anatomy of depleted ICMEs
[118], and the similar phenomenon also exists in the back-
ground solar wind [56], which challenge our understanding
of the freeze-in process. The <QFe> also increases obviously
within ICMEs as shown in Figure 6(c), consistent with pre-
vious studies [32, 46, 117]. Figures 6(b) and (c) show that
the enhancement in O7+/O6+ ratio for MCs relative to non-
cloud ICMEs is larger than the equivalent for <QFe>. This
indicates that the preferential heating of MC plasma mainly
occurs in the low corona [93].
Owens [93] further stratifies the samples by the average
speed of ICMEs with a threshold being 450 km s−1, and plots
the similar time profiles for fast MCs (red, 45 samples), slow
MCs (black, 52 samples), fast non-cloud ICMEs (blue, 54
samples) and slow non-cloud ICMEs (green, 64 samples) in
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Figure 5 Charge state distributions of C, O, and Fe within a cold ICME component (blue), a hot ICME component (red), and normal solar wind (green) [102].
the bottom panels of Figure 6, where the uncertainty bands
are omitted for clarity. Figure 6(d) shows that the C6+/C5+
ratio increases obviously within fast MCs as compared to the
other groups. Fast MCs also exhibit obviously elevated O and
Fe charges states compared to the other groups as shown in
Figures 6(e) and (f), which is consistent with other statistics.
For example, Lynch et al. [119] conducted a survey including
56 MCs detected by the ACE close to the maximum period
of solar cycle 23. Their fast events exhibit a small increased
average profile of O7+/O6+, and a much stronger profile of
Fe16+/Fetotal compared to the slow cases. Huang et al. [120]
also reported that fast MCs have enhancedmean charge states
of Fe, O, Si, and Mg as compared to the slowMCs. All of the
statistical studies give the consistent result. Another feature
is that the O7+/O6+ ratio within slowMCs is obviously higher
than the fast non-cloud ICMEs, however, the <QFe> within
slow MCs is lower than the fast non-cloud ICMEs.
The above results imply that the freeze-in processes within
CMEs are very complex, and the interpretation of charge
states is not a straightforward task [114]. For instance, Feng
et al. [49] found that the cold materials within ICMEs
can show lower average charge states simultaneously for C,
O, Mg, Si, and Fe ions compared to those in the preced-
ing solar wind, and also can contain low charge states of
only C with the other ions showing higher average charges
compared to those in the preceding solar wind. We sug-
gest to analyze the formation and eruption process of MFRs
through the Fe charge states, which are usually enhanced by
continual heating through magnetic reconnection in an ex-
tended coronal height, different with the C and O charge
states that are mainly influenced by heating in the low corona
[32, 93, 121, 122].
4.4 The <QFe> distributions within MCs
Iron is an astrophysically abundant heavy element. Re-
searchers have made important progress on the knowledge of
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Figure 6 A charge state analysis of 215 ICMEs observed by ACE from 1998 to 2011. The ICME ejecta leading and trailing edges are depicted with vertical
dashed lines. The ICME duration has been normalised to 1 day. Top panels: red and blue lines present the median for MCs (97 events) and non-cloud ICMEs
(119 events), respectively. Shaded regions indicate 1-sigma range. Bottom panels: red and black lines present the median for fast (45 events) and slow (52
events) MCs, respectively. Blue and green lines, for fast (54 events) and slow (64 events) non-cloud ICMEs [93].
ionization and recombination rates of iron, and its ionic frac-
tions at ionization equilibrium can be calculated and com-
pared with the observational data [123]. Lepri et al. [46]
showed that at least 92% of enhanced ratios of Fe16+/Fetotal
persisting for no less than 20 hours relate to ICMEs near 1
AU.While the observations demonstrated that 63% of ICMEs
possess high Fe charge states. This implies that the Fe ions
with high charge states are an excellent sufficient signature
for identifying ICMEs but not a necessary condition. The
near 100% correlation of high <QFe> with ICMEs makes
them to be a reliable identifier of ICMEs [64, 117]. In ad-
dition, O7+/O6+ > 0.7 also acts as an ICME identifier [124].
To study the MFR formation and eruption process by
means of Fe charge states, Song et al. [32] conducted a sta-
tistical study on the <QFe> distributions within 96 MCs for
solar cycle 23. Following Lepri et al. [117], the <QFe> be-
yond/below 12+ is taken as high/ordinary charge state. Ac-
cording to the criterion, 48MCs contain the high charge state,
and the other 48 cases do not, which is in accordance with the
previous ICME percentage related with the high Fe charge
states [46, 117]. The histograms in Figure 7 show the yearly
total MC numbers, and the red/blue portions correspond to
the events with/without high <QFe>. The black line presents
the yearly sunspot numbers. Figure 7 exhibits that the MCs
with high <QFe> can appear in the rising (1998-1999), maxi-
mum (2000), and declining (2001-2006) phases of solar cycle
23, while no high <QFe> MCs are detected during this solar
minimum (2007-2009).
Figure 7 Yearly MC numbers in solar cycle 23. The red/blue portion of
each bar corresponds to the MCs with/without the high <QFe>. The black
line presents the yearly sunspot numbers [32].
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After inspecting the <QFe> time profiles of 92 MCs, Song
et al. [32] found that the events can be divided into four
groups according to their different features as shown in Fig-
ure 8, where the charge-state-distributionmap of Fe (top part)
and the profile of <QFe> (bottom part) are presented in each
panel. In Group A (11 events), the <QFe> presents a bimodal
profile with both peaks beyond 12+. Group B (4 events)
shows a unimodal profile of <QFe> with peak over 12+. In
Group C (29 events) and Group D (48 events), the <QFe>
remains beyond and below 12+ along the ACE’s trajectory
throughout the MC, respectively.
To infer the CME information based on the above in situ
observations, one should know how the elevated Fe charge
states are produced and made into CMEs. To produce a
<QFe> beyond 12+, the plasma should contain Fe ions with
a charge range, including both higher and lower than 12+.
There will exist many Fe ions with charges states up to and
above 16+, which requires that the surrounding plasma must
be at temperatures around 5 MK or higher [117, 123]. The
plasma temperature in flare region can be in excess of 10MK,
and the charge states within ICMEs exhibit a moderate corre-
lation with the flare magnitude, which indicates that the en-
hanced charge states within ICMEs are generated by the flare-
related heating in the corona [125]. Lepri et al. suggested if
magnetic connectivity exists between the CME and the flare
region, the plasma with elevated Fe charge states can enter
into the CME along the field lines, while no such connec-
tivity will result in no high <QFe> existing within the CME
[117]. Song et al. proposed an alternative scenario [32] base
on the CME model [9,126], in which the magnetic reconnec-
tions occurred along current sheets beneath CMEs are able to
create high temperatures [9, 126, 127], and the high/ordinary
charge state Fe ions are generated in the current sheets with
high/ordinary temperature [127]. As the reconnection con-
tinues toward the higher altitude, the MFR could be added
with more layers that consist of the reconnected field lines.
Then the plasma in the current sheet with/without high Fe
charge states could be made into the MFR structure along
with the field lines, giving rise to the morphology resembling
the onion-layer [32].
Song et al. [32] described their scenario with schemat-
ics as shown in Figure 9 based on the above CME model.
The left panels exhibit the situation with a pre-existing MFR
as depicted with a yellow circle, in which the blue repre-
sents the <QFe> is below 12+. The purple circle denotes
the MC boundary. If the temperature of the reconnection
region along the current sheet is high, the <QFe> of newly
formed MFR portion will be beyond 12+ (indicted with red)
as shown in Figure 9(a1). As the ionic charge states freeze-
in before the ions leave the corona [128, 129], the MC will
contain an ordinary/high ionized center/shell. Therefore, a
bimodal profile like Figure 8(a) will be observed when the
spacecraft passes through one MC along the upper green ar-
row. On the contrary, when the spacecraft crosses the shell
portion along the lower green arrow, a profile like Figure 8(c)
would be detected. Figure 9(a2) describes the situation that
the temperature of the reconnection region is high at first,
while decreases to ordinary subsequently during the MFR
growth. Then the MC would possess a high-ionization-state
inner shell and an ordinary-ionization-state outer shell. Thus
the observed <QFe> profiles can correspond to Figures 8(a)
or (b), depending on the trajectory. Figure 9(a3) represents
the situation that the current sheet temperature is ordinary
(not high enough to generate significant high charge states)
during the whole MFR growth. Thus no high charge stated
Fe are generated to fill in the MFR, which always results in
the profile as Figure 8(d).
The right panels show the situation when the MFR is
formed completely during the CME eruption, thus only a pur-
ple circle is presented to depict the MC boundary. Corre-
spondingly, Figures 9(b1), (b2), and (b3) represent situations
in which plasma temperature within the current sheet is high,
first high then ordinary, and ordinary during theMFR growth,
respectively. It is not difficult to understand that three <QFe>
profiles can be observed, except the bimodal shape in Figure
8(a). Therefore, their analysis proposes that the MFR has ex-
isted before the CME eruptionwhen the in situ measurements
of the corresponding ICME exhibit the bimodal <QFe> pro-
file. In one word, the observed <QFe> profiles depend on the
physical properties of the MFR and the magnetic reconnec-
tion in the solar atmosphere, as well as the spacecraft trajec-
tory throughout the MC.
In order to validate the above scenario, Song et al. [32]
searched the source regions for the 11 MCs in Group A and
found the sources for 10 MCs. Using Hα images of Big
Bear Solar Observatory and EUV images of SOHO, they re-
ported that 7 events are correlated with filaments, which im-
plies a pre-existing MFR [130] and supports their scenario.
As no high temperature EUV and soft X-ray data for the rest
3 events, they can not deny or confirm the existence of the
other proxies of MFR before the eruptions, such as hot chan-
nels [24] or sigmoidal structures [23], which can also lead
to the bimodal profile [30]. Therefore, this scenario receives
preliminary support from observations and has been adopted
to investigate MCs [11, 120]. More information about the
formation and eruption process of MFRs can be acquired if
the trajectory of the spacecraft throughout the MC could be
known.
Except the large-scale MCs, there exist a large quantity of
small-scale flux ropes in the interplanetary space [131, 132].
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Figure 8 The map of Fe charge-state-distribution and the profile of <QFe> (top and bottom in each panel) for each group. (a) bimodal distribution with both
peaks beyond 12+. (b) unimodal distribution with the peak beyond 12+. (c) and (d) the <QFe> maintains beyond and below 12+ along the whole trajectory
within the MCs, respectively. The vertical solid line and the two vertical dotted-dashed lines denote positions of the ICME shock and two boundaries of the
MC, respectively. The horizontal dotted line in each panel depicts the <QFe> level of 12+
[32].
The above scenario has also been applied to investigate
the source regions and formation mechanisms of small flux
ropes. Based on the <QFe> distribution profiles of small flux
ropes, Huang et al. suggested that the small flux ropes origi-
nating in the solar corona are formed during eruptions, while
those originating in the interplanetary space are correlated
with the magnetic reconnection [133]. Besides, the elemental
abundances and charge states of heavy ions are also used to
analyze the filaments within non-cloud ICMEs. The statisti-
cal study demonstrated that both enhanced helium abundance
and low-ionic-charge-state carbon can be identified in about
one third of over 100 non-cloud ICMEs [49, 50].
5 Summary and discussion
The velocity, density, temperature, and magnetic field of
ICMEs change greatly during their transit to the Earth. How-
ever, their composition, including the elemental abundances
and charge states of heavy ions, are not obviously altered
during the interplanetary propagation. The abundances and
charge states act as dyes in ICMEs because they carry infor-
mation about the plasma origin as well as the formation and
eruption process of MFRs in the solar atmosphere due to the
FIP effect and freeze-in process. In this review, we mainly in-
troduced the statistical results on the composition of ICMEs,
as the ICME composition can vary significantly case by case.
The statistics on the abundances of Fe, Mg, Si, S, C, N,
Ne, and He relative to O and H shows that the abundances of
ICMEs possess a systematic increase for low-FIP elements
(Fe, Mg, and Si) compared to both slow and fast solar wind,
which means ICME plasmas possess a larger FIP effect than
the solar wind [38]. In the same time, ICMEs, especially
the high <QFe> ICMEs, also present a significant increase
of Ne/O component compared to the solar wind. The statis-
tics on C, O, and Fe charge states within MCs and non-cloud
ICMEs shows that no obvious difference between them for C
charge states. However, the O and Fe charges are obviously
elevated within MCs compared to non-cloud ICMEs. Fur-
ther dividing ICMEs by speed shows that the elevated charge
states are primarily limited to fast MCs, and slow MCs are
close to non-cloud ICMEs [93]. For more implications of the
composition statistics, please consult the references [38, 93].
The composition analysis provides us a powerful tool to
investigate some important issues related to CMEs. We
demonstrated what we can learn through the abundances and
charge states of heavy ions in ICMEs. For example, two
types of models are suggested to answer the origin of fila-
ment plasma. One claims that the plasma is brought into the
corona from chromosphere or photosphere through an injec-
tion/evaporation process or a siphon effect. The other one
proposes that the coronal plasma condenses to form the fil-
ament plasma due to the thermal instability. The in situ ele-
mental analysis on one erupted filament shows its abundances
such as Fe/O,Mg/O, and Si/O are close to their corresponding
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Figure 9 Schematic drawings for explaining the <QFe> profiles measured within MCs. Red/blue represents the <QFe> beyond/below 12+. The two purple
vertical dotted-dashed lines demarcate the MC boundaries, and the horizontal purple dotted lines mark the level of <QFe> being 12+. The arrows in each panel
depict the spacecraft trajectory throughout the MC [32].
photospheric values, which does not support that the filament
plasma originates from the corona [31].
For the ionic charge states, Song et al. checked the <QFe>
distribution profiles within 92 MCs one by one and divided
them into 4 groups with regular profiles [32]. In groups A and
B, the <QFe> shows the bimodal and unimodal distributions,
respectively, with peaks beyond 12+. In groups C and D, the
<QFe> remains beyond and below 12+ duringACE’s passage
through the MC, respectively. According to their scenario
[32], the detailed <QFe> profile depends on the trajectory of
spacecraft crossing MCs, as well as the physical properties
of the MFR and the current sheet near the Sun. The analysis
suggests that the bimodal distribution indicates a pre-existing
MFR, which has received preliminary support from observa-
tions [32].
Several important issues as discussed below should be ad-
dressed further for better utilizing the ICME composition to
investigate CMEs. To infer the information about the MFR
formation and eruption through charge states, it is crucial to
model the ionic composition in reconnection current sheets.
Some studies have been conducted to theoretically inves-
tigate the ionic charge states of CMEs in the low corona
[121, 134, 135]. For instance, Shen et al. [135] used a sim-
ulation of one large-scale current sheet beneath the CME re-
ported by Reeves et al [136]. The simulation of Shen et al.
included the ohmic and coronal heating, the thermal conduc-
tion, as well as the radiative cooling in their energy equa-
tion. With the simulation results, they performed the time-
dependent ionization calculations of the flow in a current
sheet and constructed 2D distributions of the ionic charge
states for multiple chemical elements, which demonstrated
that significant variability exists in their results when the cur-
rent sheet was modeled using different models, e.g., the equi-
librium ionization model versus a non-equilibrium ionization
model. The detailed freeze-in process within the current sheet
and MFR might be more complex as compared to the solar
wind, thus more efforts are needed to improve our ability to
model the ionic charge states within CMEs.
Based on Figure 9, further information about CMEs can
be inferred if we know the spacecraft passage through MCs.
Several models have been developed, which can reconstruct
(e.g., the Grad-Shafranov reconstructionmodel [137,138]) or
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fit (e.g., force-free or non-force-free MFR model [139, 140])
the MCs and help to reveal where the spacecraft passes
through MCs. If one ICME can be detected simultaneously
by several spacecraft with appropriate separations [41], it will
be helpful to judge the trajectory. However, usually only one
spacecraft passes through one MC, thus it is still difficult to
conclude whether the spacecraft is close to the MC center or
not as the average diameter of MCs near 1 AU is ∼0.20 AU
[78, 141, 142]. Therefore, more efforts are necessary.
Another unavoidable question is the erosion, which means
that the outer structure of MCs might be eroded [133, 143]
during the interplanetary propagation. For a comprehensive
review on the ICME propagation, please refer to [144]. Ob-
viously, it also influences the CME study through charge
state distributions within MCs, and the direct solution for this
question is to conduct in situ measurements of CMEs close to
the Sun. This will provide more valuable results as compared
to 1 AU. The Parker Solar Probe [145] launched in 2018 Au-
gust can swoop to within 9 solar radii of the Sun’s surface,
while its payloads do not provide composition information of
heavy ions. The Solar Orbiter [146] launched in 2020 Febru-
ary will approach the Sun to as close as 0.28 AU, which can
provide measurements of solar wind composition for heavy
elements and greatly facilitate studies of solar wind and solar
eruption. Except the Advanced Space-based Solar Observa-
tory that has been scheduled for launch in 2021 or 2022 [147],
Chinese solar physicists are proposing several space missions
[148] to understand the Sun further [149–152]. One of them
plans to launch a spacecraft that might approach the Sun to as
close as ∼5 solar radii eventually [151], greatly reducing the
influence of erosion effect when analyzing the ICME compo-
sition.
We thank Prof. TIAN Hui for the invitation to write the review paper. We
are grateful to the two anonymous referees for their comments and sugges-
tions that helped to improve the original manuscript. SONG Hongqiang
thanks Dr. ZHAO Liang for her helpful suggestions. This work is supported
by the Shandong Provincial Natural Science Foundation (JQ201710), the
NSFC grants U1731102, U1731101, and 11790303 (11790300), as well as
the CAS grants XDA-17040507.
1 Chen P F. Coronal Mass Ejections: Models and Their Observa-
tional Basis. Living Reviews in Solar Physics, 2011. 8: 1,
https://doi.org/10.12942/lrsp-2011-1
2 Webb D F, Howard T A. Coronal Mass Ejections: Obser-
vations. Living Reviews in Solar Physics, 2012. 9: 3,
https://doi.org/10.12942/lrsp-2012-3
3 Cheng X, Guo Y, Ding M. Origin and Structures of Solar Eruptions
I: Magnetic Flux Rope. Science China Earth Sciences, 2017. 60:
1383–1407, https://doi.org/10.1007/s11430-017-9074-6
4 Guo Y, Cheng X, Ding M. Origin and structures of solar eruptions
II: Magnetic modeling. Science China Earth Sciences, 2017. 60:
1408–1439, https://doi.org/10.1007/s11430-017-9081-x
5 Gosling J T, McComas D J, Phillips J L, et al. Geomagnetic activ-
ity associated with earth passage of interplanetary shock disturbances
and coronal mass ejections. J. Geophys. Res., 1991. 96: 7831–7839,
https://doi.org/10.1029/91JA00316
6 Xu M, Shen C, Wang Y, et al. Importance of Shock Compression in
Enhancing ICME’s Geoeffectiveness. Astrophys. J. Lett., 2019. 884:
L30, https://doi.org/10.3847/2041-8213/ab4717
7 Cannon P S. Extreme Space Weather—A Report Published by the
UK Royal Academy of Engineering. Space Weather, 2013. 11:
138–139, https://doi.org/10.1002/swe.20032
8 Riley P, Baker D, Liu Y D, et al. Extreme Space Weather Events:
From Cradle to Grave. Space Sci. Rev., 2018. 214: 21,
https://doi.org/10.1007/s11214-017-0456-3
9 Lin J, Forbes T G. Effects of reconnection on the coronal mass
ejection process. J. Geophys. Res., 2000. 105: 2375–2392,
https://doi.org/10.1029/1999JA900477
10 Patsourakos S, Vourlidas A, Stenborg G. Direct Evidence for a Fast
Coronal Mass Ejection Driven by the Prior Formation and Subsequent
Destabilization of a Magnetic Flux Rope. Astrophys. J., 2013. 764:
125, https://doi.org/10.1088/0004-637X/764/2/125
11 Wang W, Liu R, Wang Y, et al. Buildup of a highly twisted magnetic
flux rope during a solar eruption. Nature Communications, 2017. 8:
1330, https://doi.org/10.1038/s41467-017-01207-x
12 Mikic Z, Linker J A. Disruption of Coronal Magnetic Field Arcades.
Astrophys. J., 1994. 430: 898, https://doi.org/10.1086/174460
13 Song H Q, Zhang J, Chen Y, et al. Direct Observations of Mag-
netic Flux Rope Formation during a Solar Coronal Mass Ejection.
Astrophys. J. Lett., 2014. 792: L40, https://doi.org/10.1088/2041-
8205/792/2/L40
14 Ouyang Y, Yang K, Chen P F. Is Flux Rope a Necessary Condition
for the Progenitor of Coronal Mass Ejections? Astrophys. J., 2015.
815: 72, https://doi.org/10.1088/0004-637X/815/1/72
15 Fan Y. The Emergence of a Twisted Ω-Tube into the Solar At-
mosphere. Astrophys. J. Lett., 2001. 554: L111–L114,
https://doi.org/10.1086/320935
16 Magara T. A Model for Dynamic Evolution of Emerging Mag-
netic Fields in the Sun. Astrophys. J., 2004. 605: 480–492,
https://doi.org/10.1086/382148
17 Leake J E, Linton M G, To¨ro¨k T. Simulations of Emerging Magnetic
Flux. I. The Formation of Stable Coronal Flux Ropes. Astrophys. J.,
2013. 778: 99, https://doi.org/10.1088/0004-637X/778/2/99
18 Okamoto T J, Tsuneta S, Lites B W, et al. Emergence of a Helical
Flux Rope under an Active Region Prominence. Astrophys. J. Lett.,
2008. 673: L215, https://doi.org/10.1086/528792
19 Manchester I W, Gombosi T, DeZeeuw D, et al. Eruption of a Buoy-
antly Emerging Magnetic Flux Rope. Astrophys. J., 2004. 610:
588–596, https://doi.org/10.1086/421516
20 Leake J E, Linton M G, Antiochos S K. Simulations of Emerging
Magnetic Flux. II. The Formation of Unstable Coronal Flux Ropes
and the Initiation of Coronal Mass Ejections. Astrophys. J., 2014.
787: 46, https://doi.org/10.1088/0004-637X/787/1/46
21 Webb D F, Hundhausen A J. Activity Associated with the Solar Ori-
gin of Coronal Mass Ejections. Solar Phys., 1987. 108: 383–401,
https://doi.org/10.1007/BF00214170
22 Gibson S E, Foster D, Burkepile J, et al. The Calm before the Storm:
The Link between Quiescent Cavities and Coronal Mass Ejections.
Astrophys. J., 2006. 641: 590–605, https://doi.org/10.1086/500446
23 Titov V S, De´moulin P. Basic topology of twisted magnetic config-
urations in solar flares. Astron. Astrophys., 1999. 351: 707–720,
https://ui.adsabs.harvard.edu/abs/1999A
24 Zhang J, Cheng X, Ding M D. Observation of an evolving magnetic
flux rope before and during a solar eruption. Nature Communica-
tions, 2012. 3: 747, https://doi.org/10.1038/ncomms1753
25 Kippenhahn R, Schlu¨ter A. Eine Theorie der solaren Filamente.
Mit 7 Textabbildungen. Z. Astrophys., 1957. 43: 36,
https://ui.adsabs.harvard.edu/abs/1957ZA.....43...36K/abstract
26 Chen P F, Harra L K, Fang C. Imaging and Spectroscopic Ob-
servations of a Filament Channel and the Implications for the Na-
Song H Q, Yao S Sci China Tech Sci 15
ture of Counter-streamings. Astrophys. J., 2014. 784: 50,
https://doi.org/10.1088/0004-637X/784/1/50
27 Liu R, Liu C, Wang S, et al. Sigmoid-to-flux-rope Transition Leading
to a Loop-like Coronal Mass Ejection. Astrophys. J. Lett., 2010. 725:
L84–L90, https://doi.org/10.1088/2041-8205/725/1/L84
28 Wang Y M, Stenborg G. Spinning Motions in Coronal Cav-
ities. Astrophys. J. Lett., 2010. 719: L181–L184,
https://doi.org/10.1088/2041-8205/719/2/L181
29 Cheng X, Ding M D, Fang C. Imaging and Spectroscopic Diag-
nostics on the Formation of Two Magnetic Flux Ropes Revealed
by SDO/AIA and IRIS. Astrophys. J., 2015. 804: 82,
https://doi.org/10.1088/0004-637X/804/2/82
30 SONG H Q, CHEN Y, ZHANG J, et al. Evidence of the Solar
EUV Hot Channel as a Magnetic Flux Rope from Remote-sensing
and In Situ Observations. Astrophys. J. Lett., 2015. 808: L15,
https://doi.org/10.1088/2041-8205/808/1/L15
31 Song H Q, Chen Y, Li B, et al. The Origin of Solar Filament Plasma
Inferred from In Situ Observations of Elemental Abundances. As-
trophys. J. Lett., 2017. 836: L11, https://doi.org/10.3847/2041-
8213/aa5d54
32 Song H Q, Zhong Z, Chen Y, et al. A Statistical Study of the Av-
erage Iron Charge State Distributions inside Magnetic Clouds for
Solar Cycle 23. Astrophys. J. Suppl. Ser., 2016. 224: 27,
https://doi.org/10.3847/0067-0049/224/2/27
33 Ciaravella A, Raymond J C, Li J, et al. Elemental Abun-
dances and Post-Coronal Mass Ejection Current Sheet in a Very
Hot Active Region. Astrophys. J., 2002. 575: 1116–1130,
https://doi.org/10.1086/341473
34 Tian H, McIntosh S W, De Pontieu B, et al. Two Compo-
nents of the Solar Coronal Emission Revealed by Extreme-ultraviolet
Spectroscopic Observations. Astrophys. J., 2011. 738: 18,
https://doi.org/10.1088/0004-637X/738/1/18
35 Tian H, McIntosh S W, Xia L, et al. What can We Learn about Solar
Coronal Mass Ejections, Coronal Dimmings, and Extreme-ultraviolet
Jets through Spectroscopic Observations? Astrophys. J., 2012. 748:
106, https://doi.org/10.1088/0004-637X/748/2/106
36 Cheng X, Zhang J, Saar S H, et al. Differential Emission Mea-
sure Analysis of Multiple Structural Components of Coronal Mass
Ejections in the Inner Corona. Astrophys. J., 2012. 761: 62,
https://doi.org/10.1088/0004-637X/761/1/62
37 Hayes A P, Vourlidas A, Howard R A. Deriving the Electron
Density of the Solar Corona from the Inversion of Total Bright-
ness Measurements. Astrophys. J., 2001. 548: 1081–1086,
https://doi.org/10.1086/319029
38 Zurbuchen T H, Weberg M, von Steiger R, et al. Composition
of Coronal Mass Ejections. Astrophys. J., 2016. 826: 10,
https://doi.org/10.3847/0004-637X/826/1/10
39 Burlaga L, Sittler E, Mariani F, et al. Magnetic loop be-
hind an interplanetary shock: Voyager, Helios, and IMP 8 ob-
servations. J. Geophys. Res., 1981. 86: 6673–6684,
https://doi.org/10.1029/JA086iA08p06673
40 Burlaga L F. Magnetic clouds and force-free fields with con-
stant alpha. J. Geophys. Res., 1988. 93: 7217–7224,
https://doi.org/10.1029/JA093iA07p07217
41 Liu Y, Luhmann J G, Huttunen K E J, et al. Reconstruction of the
2007 May 22 Magnetic Cloud: How Much Can We Trust the Flux-
Rope Geometry of CMEs? Astrophys. J. Lett., 2008. 677: L133,
https://doi.org/10.1086/587839
42 Gloeckler G, Geiss J, Balsiger H, et al. The Solar Wind Ion Compo-
sition Spectrometer. Astron. Astrophys. Suppl., 1992. 92: 267–289,
https://ui.adsabs.harvard.edu/abs/1992A
43 Gloeckler G, Cain J, Ipavich F M, et al. Investigation of
the composition of solar and interstellar matter using solar wind
and pickup ion measurements with SWICS and SWIMS on the
ACE spacecraft. Space Sci. Rev., 1998. 86: 497–539,
https://doi.org/10.1023/A:1005036131689
44 Gilbert J A, Lepri S T, Landi E, et al. First Measurements of the
Complete Heavy-ion Charge State Distributions of C, O, and Fe As-
sociated with Interplanetary Coronal Mass Ejections. Astrophys. J.,
2012. 751: 20, https://doi.org/10.1088/0004-637X/751/1/20
45 Gilbert J A, Gershman D J, Gloeckler G, et al. Invited Article: Char-
acterization of background sources in space-based time-of-flight mass
spectrometers. Review of Scientific Instruments, 2014. 85: 091301,
https://doi.org/10.1063/1.4894694
46 Lepri S T, Zurbuchen T H, Fisk L A, et al. Iron charge
distribution as an identifier of interplanetary coronal mass ejec-
tions. J. Geophys. Res., 2001. 106: 29231–29238,
https://doi.org/10.1029/2001JA000014
47 Shearer P, von Steiger R, Raines J M, et al. The Solar Wind Neon
Abundance Observed with ACE/SWICS and Ulysses/SWICS. Astro-
phys. J., 2014. 789: 60, https://doi.org/10.1088/0004-637X/789/1/60
48 Wang J, Feng H, Zhao G. Cold prominence materials detected within
magnetic clouds during 1998-2007. Astron. Astrophys., 2018. 616:
A41, https://doi.org/10.1051/0004-6361/201731807
49 Feng X, Yao S, Li D, et al. Statistical Study of ICMEs with LowMean
Carbon Charge State Plasmas Detected from 1998 to 2011. Astro-
phys. J., 2018. 868: 124, https://doi.org/10.3847/1538-4357/aae92c
50 Li D, Yao S. Stronger Southward Magnetic Field and Geoef-
fectiveness of ICMEs Containing Prominence Materials Measured
from 1998 to 2011. Astrophys. J., 2020. 891: 79,
https://doi.org/10.3847/1538-4357/ab7197
51 Geiss J, Gloeckler G, von Steiger R. Origin of the Solar Wind
From Composition Data. Space Sci. Rev., 1995. 72: 49–60,
https://doi.org/10.1007/BF00768753
52 Chen Y, Esser R, Strachan L, et al. Stagnated Outflow of O+5 Ions in
the Source Region of the Slow Solar Wind at Solar Minimum. Astro-
phys. J., 2004. 602: 415–421, https://doi.org/10.1086/380960
53 Chen Y, Li X. An Ion-Cyclotron Resonance-driven Three-Fluid
Model of the Slow Wind near the Sun. Astrophys. J. Lett., 2004.
609: L41–L44, https://doi.org/10.1086/422581
54 Lepri S T, Landi E, Zurbuchen T H. Solar Wind Heavy Ions over So-
lar Cycle 23: ACE/SWICS Measurements. Astrophys. J., 2013. 768:
94, https://doi.org/10.1088/0004-637X/768/1/94
55 Zhao L, Landi E, Zurbuchen T H, et al. The Evolution of 1 AU Equa-
torial Solar Wind and its Association with the Morphology of the He-
liospheric Current Sheet from Solar Cycles 23 to 24. Astrophys. J.,
2014. 793: 44, https://doi.org/10.1088/0004-637X/793/1/44
56 Zhao L, Landi E, Lepri S T, et al. An Anomalous Composition
in Slow Solar Wind as a Signature of Magnetic Reconnection in
its Source Region. Astrophys. J. Suppl. Ser., 2017. 228: 4,
https://doi.org/10.3847/1538-4365/228/1/4
57 Fu H, Madjarska M S, Xia L, et al. Charge States and FIP Bias
of the Solar Wind from Coronal Holes, Active Regions, and Quiet
Sun. Astrophys. J., 2017. 836: 169, https://doi.org/10.3847/1538-
4357/aa5cba
58 Fu H, Madjarska M S, Li B, et al. Helium abundance and speed
difference between helium ions and protons in the solar wind from
coronal holes, active regions, and quiet Sun. Mon. Not. Roy. Astron.
Soc., 2018. 478: 1884–1892, https://doi.org/10.1093/mnras/sty1211
59 Cane H V, Richardson I G. Interplanetary coronal mass ejec-
tions in the near-Earth solar wind during 1996-2002. Journal
of Geophysical Research (Space Physics), 2003. 108: 1156,
https://doi.org/10.1029/2002JA009817
60 Gopalswamy N. Properties of Interplanetary Coronal Mass
Ejections. Space Sci. Rev., 2006. 124: 145–168,
https://doi.org/10.1007/s11214-006-9102-1
61 Lepping R P, Wu C C, Berdichevsky D B, et al. Wind Magnetic
Clouds for 2010 - 2012: Model Parameter Fittings, Associated Shock
Waves, and Comparisons to Earlier Periods. Solar Phys., 2015. 290:
2265–2290, https://doi.org/10.1007/s11207-015-0755-3
16 Song H Q, Yao S Sci China Tech Sci
62 Wu C C, Lepping R P. Comparisons of Characteristics of Magnetic
Clouds and Cloud-Like Structures During 1995 - 2012. Solar Phys.,
2015. 290: 1243–1269, https://doi.org/10.1007/s11207-015-0656-5
63 Chi Y, Shen C, Wang Y, et al. Statistical Study of the Interplanetary
Coronal Mass Ejections from 1995 to 2015. Solar Phys., 2016. 291:
2419–2439, https://doi.org/10.1007/s11207-016-0971-5
64 Jian L K, Russell C T, Luhmann J G, et al. STEREO Observations of
Interplanetary Coronal Mass Ejections in 2007-2016. Astrophys. J.,
2018. 855: 114, https://doi.org/10.3847/1538-4357/aab189
65 Cargill P J. On the Aerodynamic Drag Force Acting on Interplan-
etary Coronal Mass Ejections. Solar Phys., 2004. 221: 135–149,
https://doi.org/10.1023/B:SOLA.0000033366.10725.a2
66 Howard T A, Webb D F, Tappin S J, et al. Tracking halo
coronal mass ejections from 0-1 AU and space weather forecast-
ing using the Solar Mass Ejection Imager (SMEI). Journal of
Geophysical Research (Space Physics), 2006. 111: A04105,
https://doi.org/10.1029/2005JA011349
67 Shen F, Feng X S, Wang Y, et al. Three-dimensional MHD
simulation of two coronal mass ejections’ propagation and interac-
tion using a successive magnetized plasma blobs model. Journal
of Geophysical Research (Space Physics), 2011. 116: A09103,
https://doi.org/10.1029/2011JA016584
68 Liu Y D, Luhmann J G, Kajdicˇ P, et al. Observations of an
extreme storm in interplanetary space caused by successive coro-
nal mass ejections. Nature Communications, 2014. 5: 3481,
https://doi.org/10.1038/ncomms4481
69 Hess P, Zhang J. Predicting CME Ejecta and Sheath Front Arrival
at L1 with a Data-constrained Physical Model. Astrophys. J., 2015.
812: 144, https://doi.org/10.1088/0004-637X/812/2/144
70 Chen C, Liu Y D, Wang R, et al. Characteristics of a Gradual
Filament Eruption and Subsequent CME Propagation in Relation to
a Strong Geomagnetic Storm. Astrophys. J., 2019. 884: 90,
https://doi.org/10.3847/1538-4357/ab3f36
71 Liu Y, Davies J A, Luhmann J G, et al. Geometric Triangulation
of Imaging Observations to Track Coronal Mass Ejections Contin-
uously Out to 1 AU. Astrophys. J. Lett., 2010. 710: L82–L87,
https://doi.org/10.1088/2041-8205/710/1/L82
72 Gosling J T. Coronal mass ejections and magnetic flux ropes
in interplanetary space. Washington DC American Geophysi-
cal Union Geophysical Monograph Series, 1990. 58: 343–364,
https://doi.org/10.1029/GM058p0343
73 Marubashi K. Physics of Interplanetary Magnetic Flux Ropes:
Toward Prediction of Geomagnetic Storms. Advances in Space
Research, 2000. 26: 55–66, https://doi.org/10.1016/S0273-
1177(99)01026-1
74 Riley P, Schatzman C, Cane H V, et al. On the Rates of Coronal Mass
Ejections: Remote Solar and In Situ Observations. Astrophys. J.,
2006. 647: 648–653, https://doi.org/10.1086/505383
75 Zurbuchen T H, Richardson I G. In-Situ Solar Wind and Magnetic
Field Signatures of Interplanetary Coronal Mass Ejections. Space
Sci. Rev., 2006. 123: 31–43, https://doi.org/10.1007/s11214-006-
9010-4
76 Wu C C, Lepping R P. Statistical Comparison of Magnetic Clouds
with Interplanetary Coronal Mass Ejections for Solar Cycle 23. So-
lar Phys., 2011. 269: 141–153, https://doi.org/10.1007/s11207-010-
9684-3
77 Richardson I G, Cane H V. Regions of abnormally low proton
temperature in the solar wind (1965-1991) and their association
with ejecta. J. Geophys. Res., 1995. 100: 23397–23412,
https://doi.org/10.1029/95JA02684
78 Liu Y, Richardson J D, Belcher J W. A statistical study of
the properties of interplanetary coronal mass ejections from 0.3
to 5.4 AU. Planetary and Space Science, 2005. 53: 3–17,
https://doi.org/10.1016/j.pss.2004.09.023
79 Laming J M. Non-Wkb Models of the First Ionization Potential Ef-
fect: Implications for Solar Coronal Heating and the Coronal He-
lium and Neon Abundances. Astrophys. J., 2009. 695: 954–969,
https://doi.org/10.1088/0004-637X/695/2/954
80 Geiss J. Processes affecting abundances in the solar wind. Space Sci.
Rev., 1982. 33: 201–217, https://doi.org/10.1007/BF00213254
81 Laming J M. A Unified Picture of the First Ionization Potential and
Inverse First Ionization Potential Effects. Astrophys. J., 2004. 614:
1063–1072, https://doi.org/10.1086/423780
82 Laming J M. The FIP and Inverse FIP Effects in Solar and Stel-
lar Coronae. Living Reviews in Solar Physics, 2015. 12: 2,
https://doi.org/10.1007/lrsp-2015-2
83 Lundin R, Guglielmi A. Ponderomotive Forces in Cosmos. Space Sci.
Rev., 2006. 127: 1–116, https://doi.org/10.1007/s11214-006-8314-8
84 Bochsler P. Minor ions in the solar wind. Astron. Astrophys. Rev.,
2007. 14: 1–40, https://doi.org/
85 Feldman U, Schu¨hle U, Widing K G, et al. Coronal Composition
above the Solar Equator and the North Pole as Determined from Spec-
tra Acquired by the SUMER Instrument on SOHO. Astrophys. J.,
1998. 505: 999–1006, https://doi.org/10.1007/s00159-006-0002-x
86 Zhao L, Landi E, Lepri S T, et al. On the Relation between the In Situ
Properties and the Coronal Sources of the Solar Wind. Astrophys. J.,
2017. 846: 135, https://doi.org/10.3847/1538-4357/aa850c
87 Reames D V, Meyer J P, von Rosenvinge T T. Energetic-Particle
Abundances in Impulsive Solar Flare Events. Astrophys. J. Suppl.
Ser., 1994. 90: 649, https://doi.org/10.1086/191887
88 Drake J F, Cassak P A, Shay M A, et al. A Magnetic Reconnec-
tion Mechanism for Ion Acceleration and Abundance Enhancements
in Impulsive Flares. Astrophys. J. Lett., 2009. 700: L16–L20,
https://doi.org/10.1088/0004-637X/700/1/L16
89 Widing K G, Feldman U. On the Rate of Abundance Modifications
versus Time in Active Region Plasmas. Astrophys. J., 2001. 555:
426–434, https://doi.org/10.1086/321482
90 Reisenfeld D B, Burnett D S, Becker R H, et al. Elemental Abun-
dances of the Bulk Solar Wind: Analyses from Genesis and ACE.
Space Sci. Rev., 2007. 130: 79–86, https://doi.org/10.1007/s11214-
007-9215-1
91 von Steiger R, Zurbuchen T H, McComas D J. Oxygen flux in the
solar wind: Ulysses observations. Geophys. Res. Lett., 2010. 37:
L22101, https://doi.org/10.1029/2010GL045389
92 Bochsler P, Ipavich F M, Paquette J A, et al. Determi-
nation of the abundance of aluminum in the solar wind with
SOHO/CELIAS/MTOF. J. Geophys. Res., 2000. 105: 12659–12666,
https://doi.org/10.1029/1999JA005085
93 Owens M J. Solar Wind and Heavy Ion Properties of Interplan-
etary Coronal Mass Ejections. Solar Phys., 2018. 293: 122,
https://doi.org/10.1007/s11207-018-1343-0
94 Giammanco C, Wurz P, Karrer R. Minor Ion Abundances in the
Slow Solar Wind. Astrophys. J., 2008. 681: 1703–1707,
https://doi.org/10.1086/588578
95 Hovestadt D, Hilchenbach M, Bu¨rgi A, et al. CELIAS - Charge, El-
ement and Isotope Analysis System for SOHO. Solar Phys., 1995.
162: 441–481, https://doi.org/10.1007/BF00733436
96 Gopalswamy N, Shimojo M, Lu W, et al. Prominence Erup-
tions and Coronal Mass Ejection: A Statistical Study Using Mi-
crowave Observations. Astrophys. J., 2003. 586: 562–578,
https://doi.org/10.1086/367614
97 Spicer D S, Feldman U, Widing K G, et al. The Neon-to-
Magnesium Abundance Ratio as a Tracer of the Source Region of
Prominence Material. Astrophys. J., 1998. 494: 450–452,
https://doi.org/10.1086/305203
98 Mackay D H, Karpen J T, Ballester J L, et al. Physics of Solar Promi-
nences: II—Magnetic Structure and Dynamics. Space Sci. Rev.,
2010. 151: 333–399, https://doi.org/10.1007/s11214-010-9628-0
99 Sakai J, Colin A, Priest E. Dynamical Model of Prominence Forma-
tion and Oscillation - Part One. Solar Phys., 1987. 114: 253–271,
Song H Q, Yao S Sci China Tech Sci 17
https://doi.org/10.1007/BF00167345
100 De´moulin P. Filament formation. Advances in Space Research, 1993.
13: 95–104, https://doi.org/10.1016/0273-1177(93)90463-L
101 Parenti S, Del Zanna G, Vial J C. Elemental composition in qui-
escent prominences. Astron. Astrophys., 2019. 625: A52,
https://doi.org/10.1051/0004-6361/201935147
102 Lepri S T, Zurbuchen T H. Direct Observational Evidence of Fila-
ment Material Within Interplanetary Coronal Mass Ejections. Astro-
phys. J. Lett., 2010. 723: L22–L27, https://doi.org/10.1088/2041-
8205/723/1/L22
103 Gruesbeck J R, Lepri S T, Zurbuchen T H. Two-plasma Model for
Low Charge State Interplanetary Coronal Mass Ejection Observa-
tions. Astrophys. J., 2012. 760: 141, https://doi.org/10.1088/0004-
637X/760/2/141
104 Skoug R M, Bame S J, Feldman W C, et al. A pro-
longed He+ enhancement within a coronal mass ejection in the
solar wind. Geophys. Res. Lett., 1999. 26: 161–164,
https://doi.org/10.1029/1998GL900207
105 Gloeckler G, Fisk L A, Hefti S, et al. Unusual composi-
tion of the solar wind in the 2-3 May 1998 CME observed with
SWICS on ACE. Geophys. Res. Lett., 1999. 26: 157–160,
https://doi.org/10.1029/1998GL900166
106 Yao S, Marsch E, Tu C Y, et al. Identification of prominence ejecta
by the proton distribution function and magnetic fine structure in in-
terplanetary coronal mass ejections in the inner heliosphere. Jour-
nal of Geophysical Research (Space Physics), 2010. 115: A05103,
https://doi.org/10.1029/2009JA014914
107 Wang Y, Zhuang B, Hu Q, et al. On the twists of interplan-
etary magnetic flux ropes observed at 1 AU. Journal of Geo-
physical Research (Space Physics), 2016. 121: 9316–9339,
https://doi.org/10.1002/2016JA023075
108 Asplund M, Grevesse N, Sauval A J, et al. The Chemical Compo-
sition of the Sun. Ann. Rev. Astron. and Astrophys, 2009. 47:
481–522, https://doi.org/10.1146/annurev.astro.46.060407.145222
109 Wang J, Yan X, Qu Z, et al. Formation of an Active Region Fila-
ment Driven By a Series of Jets. Astrophys. J., 2018. 863: 180,
https://doi.org/10.3847/1538-4357/aad187
110 Owocki S P, Holzer T E, Hundhausen A J. The solar wind ionization
state as a coronal temperature diagnostic. Astrophys. J., 1983. 275:
354–366, https://doi.org/10.1086/161538
111 Chen Y, Esser R, Hu Y. Formation of Minor-Ion Charge States
in the Fast Solar Wind: Roles of Differential Flow Speeds of Ions
of the Same Element. Astrophys. J., 2003. 582: 467–474,
https://doi.org/10.1086/344642
112 Landi E, Gruesbeck J R, Lepri S T, et al. Charge State Evolution
in the Solar Wind. II. Plasma Charge State Composition in the Inner
Corona and Accelerating Fast Solar Wind. Astrophys. J., 2012. 761:
48, https://doi.org/10.1088/0004-637X/761/1/48
113 Buergi A, Geiss J. Helium and Minor Ions in the Corona and So-
lar Wind - Dynamics and Charge States. Solar Phys., 1986. 103:
347–383, https://doi.org/10.1007/BF00147835
114 Boe B, Habbal S, Druckmu¨ller M, et al. The First Empirical De-
termination of the Fe10+ and Fe13+ Freeze-in Distances in the Solar
Corona. Astrophys. J., 2018. 859: 155, https://doi.org/10.3847/1538-
4357/aabfb7
115 Henke T, Woch J, Mall U, et al. Differences in the O7+/O6+ ratio of
magnetic cloud and non-cloud coronal mass ejections. Geophys. Res.
Lett., 1998. 25: 3465–3468, https://doi.org/10.1029/98GL02632
116 Zhao L, Allen R M, Zheng T, et al. Reactivation of an
Archean craton: Constraints from P- and S-wave tomography in
North China. Geophys. Res. Lett., 2009. 36: L17306,
https://doi.org/10.1029/2009GL039781
117 Lepri S T, Zurbuchen T H. Iron charge state distributions
as an indicator of hot ICMEs: Possible sources and tempo-
ral and spatial variations during solar maximum. Journal of
Geophysical Research (Space Physics), 2004. 109: A01112,
https://doi.org/10.1029/2003JA009954
118 Kocher M, Lepri S T, Landi E, et al. Anatomy of Depleted Inter-
planetary Coronal Mass Ejections. Astrophys. J., 2017. 834: 147,
https://doi.org/10.3847/1538-4357/834/2/147
119 Lynch B J, Zurbuchen T H, Fisk L A, et al. Internal struc-
ture of magnetic clouds: Plasma and composition. Journal
of Geophysical Research (Space Physics), 2003. 108: 1239,
https://doi.org/10.1029/2002JA009591
120 Huang J, Liu Y, Feng H, et al. A Statistical Study of the Plasma
and Composition Distribution inside Magnetic Clouds: 1998-2011.
Astrophys. J., 2020. 893: 136, https://doi.org/10.3847/1538-
4357/ab7a28
121 Gruesbeck J R, Lepri S T, Zurbuchen T H, et al. Constraints
on Coronal Mass Ejection Evolution from in Situ Observations
of Ionic Charge States. Astrophys. J., 2011. 730: 103,
https://doi.org/10.1088/0004-637X/730/2/103
122 Lepri S T, Laming J M, Rakowski C E, et al. Spatially De-
pendent Heating and Ionization in an ICME Observed by Both
ACE and Ulysses. Astrophys. J., 2012. 760: 105,
https://doi.org/10.1088/0004-637X/760/2/105
123 Arnaud M, Raymond J. Iron Ionization and Recombination Rates
and Ionization Equilibrium. Astrophys. J., 1992. 398: 394,
https://doi.org/10.1086/171864
124 Reinard A A, Zurbuchen T H, Fisk L A, et al. Comparison be-
tween average charge states and abundances of ions in CMEs and
the slow solar wind. In R F Wimmer-Schweingruber, ed., Joint
SOHO/ACE workshop “Solar and Galactic Composition”, volume
598 of American Institute of Physics Conference Series. 139–144,
https://doi.org/10.1063/1.1433992
125 Reinard A. Comparison of Interplanetary CME Charge State Com-
position with CME-associated Flare Magnitude. Astrophys. J., 2005.
620: 501–505, https://doi.org/10.1086/426109
126 Forbes T G, Acton L W. Reconnection and Field Line Shrink-
age in Solar Flares. Astrophys. J., 1996. 459: 330,
https://doi.org/10.1086/176896
127 Ciaravella A, Webb D F, Giordano S, et al. Bright Ray-like Fea-
tures in the Aftermath of Coronal Mass Ejections: White Light
versus Ultraviolet Spectra. Astrophys. J., 2013. 766: 65,
https://doi.org/10.1088/0004-637X/766/1/65
128 Rakowski C E, Laming J M, Lepri S T. Ion Charge States in Halo
Coronal Mass Ejections: What Can We Learn about the Explosion?
Astrophys. J., 2007. 667: 602–609, https://doi.org/10.1086/520914
129 Ko Y K, Raymond J C, Vrsˇnak B, et al. Modeling UV and X-
ray Emission in a Post-coronal Mass Ejection Current Sheet. As-
trophys. J., 2010. 722: 625–641, https://doi.org/10.1088/0004-
637X/722/1/625
130 Rust D M, Kumar A. Helical Magnetic Fields in Filaments. Solar
Phys., 1994. 155: 69–97, https://doi.org/10.1007/BF00670732
131 Hu Q, Zheng J, Chen Y, et al. Automated Detection of Small-scale
Magnetic Flux Ropes in the Solar Wind: First Results from the Wind
Spacecraft Measurements. Astrophys. J. Suppl. Ser., 2018. 239: 12,
https://doi.org/10.3847/1538-4365/aae57d
132 Feng H, Zhao G, Wang J. Small interplanetary magnetic
flux rope. Sci China Tech Sci, 2020. 63: 183–194,
https://doi.org/10.1007/s11431-018-9481-1
133 Huang J, Liu Y C M, Peng J, et al. The Distributions of
Iron Average Charge States in Small Flux Ropes in Interplane-
tary Space: Clues to Their Twisted Structures. Journal of Geo-
physical Research (Space Physics), 2018. 123: 7167–7180,
https://doi.org/10.1029/2018JA025660
134 Lynch B J, Reinard A A, Mulligan T, et al. Ionic Composi-
tion Structure of Coronal Mass Ejections in Axisymmetric Mag-
netohydrodynamic Models. Astrophys. J., 2011. 740: 112,
https://doi.org/10.1088/0004-637X/740/2/112
18 Song H Q, Yao S Sci China Tech Sci
135 Shen C, Reeves K K, Raymond J C, et al. Non-equilibrium Ion-
ization Modeling of the Current Sheet in a Simulated Solar Erup-
tion. Astrophys. J., 2013. 773: 110, https://doi.org/10.1088/0004-
637X/773/2/110
136 Reeves K K, Linker J A, Mikic´ Z, et al. Current Sheet Energetics,
Flare Emissions, and Energy Partition in a Simulated Solar Eruption.
Astrophys. J., 2010. 721: 1547–1558, https://doi.org/10.1088/0004-
637X/721/2/1547
137 Hu Q, Sonnerup B U O¨. Reconstruction of magnetic clouds
in the solar wind: Orientations and configurations. Journal
of Geophysical Research (Space Physics), 2002. 107: 1142,
https://doi.org/10.1029/2001JA000293
138 Hu Q. The Grad-Shafranov reconstruction in twenty years: 1996-
2016. Science China Earth Sciences, 2017. 60: 1466–1494,
https://doi.org/10.1007/s11430-016-9052-1
139 Lepping R P, Jones J A, Burlaga L F. Magnetic field structure of in-
terplanetary magnetic clouds at 1 AU. J. Geophys. Res., 1990. 95:
11957–11965, https://doi.org/10.1029/JA095iA08p11957
140 Wang Y, Zhou Z, Shen C, et al. Investigating plasma mo-
tion of magnetic clouds at 1 AU through a velocity-modified
cylindrical force-free flux rope model. Journal of Geophys-
ical Research (Space Physics), 2015. 120: 1543–1565,
https://doi.org/10.1002/2014JA020494
141 Kumar A, Rust D M. Interplanetary magnetic clouds, helicity con-
servation, and current-core flux-ropes. J. Geophys. Res., 1996. 101:
15667–15684, https://doi.org/10.1029/96JA00544
142 Lepping R P, Wu C C, Berdichevsky D B. Yearly Comparison of
Magnetic Cloud Parameters, Sunspot Number, and Interplanetary
Quantities for the First 18 Years of the Wind Mission. Solar Phys.,
2015. 290: 553–578, https://doi.org/10.1007/s11207-014-0622-7
143 Ruffenach A, Lavraud B, Owens M J, et al. Multispacecraft ob-
servation of magnetic cloud erosion by magnetic reconnection during
propagation. Journal of Geophysical Research (Space Physics), 2012.
117: A09101, https://doi.org/10.1029/2012JA017624
144 Manchester W, Kilpua E K J, Liu Y D, et al. The Physical Processes
of CME/ICME Evolution. Space Sci. Rev., 2017. 212: 1159–1219,
https://doi.org/10.1007/s11214-017-0394-0
145 Fox N J, Velli M C, Bale S D, et al. The Solar Probe Plus Mission:
Humanity’s First Visit to Our Star. Space Sci. Rev., 2016. 204: 7–48,
https://doi.org/10.1007/s11214-015-0211-6
146 Mu¨ller D, Marsden R G, St Cyr O C, et al. Solar Orbiter . Exploring
the Sun-Heliosphere Connection. Solar Phys., 2013. 285: 25–70,
https://doi.org/10.1007/s11207-012-0085-7
147 Gan W Q, Zhu C, Deng Y Y, et al. Advanced Space-based So-
lar Observatory (ASO-S): an overview. Research in Astronomy
and Astrophysics, 2019. 19: 156, https://doi.org/10.1088/1674-
4527/19/11/156
148 Gan W, Yan Y, Huang Y. Prospect for space solar physics in 2016-
2030. Scientia Sinica Physica, Mechanica &amp; Astronomica,
2019. 49: 059602, https://doi.org/10.1360/SSPMA2018-00301
149 Xiong M, Liu Y, Liu H, et al. Overview of the Solar Polar Orbit Tele-
scope Project for Space Weather Mission. Chin. J. Space Sci., 2016.
36: 245–266, https://doi.org/10.11728/cjss2016.03.245
150 Lavraud B, Liu Y, Segura K, et al. A small mission con-
cept to the Sun-Earth Lagrangian L5 point for innovative so-
lar, heliospheric and space weather science. Journal of At-
mospheric and Solar-Terrestrial Physics, 2016. 146: 171–185,
https://doi.org/10.1016/j.jastp.2016.06.004
151 Lin J, Wang M, Tian H, et al. In situmeasurements of the solar erup-
tion. Scientia Sinica Physica, Mechanica &amp; Astronomica, 2019.
49: 059607, https://doi.org/10.1360/SSPMA2018-00308
152 Wang Y, Ji H, Wang Y, et al. Concept of the Solar Ring
Mission: Overview. Sci China Tech Sci, 2020. 63,
https://doi.org/10.1007/s11431-020-1603-2
